Background: Peripheral neuroinflammation is associated with neuropathic pain. Results: Inhibiting the glucocorticoid-induced tumor neurosis factor receptor ligand (GITRL) system in infiltrating macrophages and T cells in the injured nerve attenuated neuropathic pain. Conclusion: GITRL expressed by macrophages drives cytokine release and T cell activation, resulting in neuropathic pain via GITR-dependent actions. Significance: Macrophage-T cell interactions via the GITRL system provides insights into controlling neuropathic pain.
develop novel therapeutic strategies, an improved understanding of the mechanisms that drive neuropathic pain is required. Growing evidence indicates that several types of immune cells play crucial roles in chronic neuroinflammation associated with neuropathic pain (3) (4) (5) . Neuronal damage induces the migration of immune cells, such as macrophages, neutrophils, and T-lymphocytes (T cells), and these cells release inflammatory cytokines (e.g. interleukin (IL)-1␤ and tumor necrosis factor (TNF)-␣) and chemokines (e.g. monocyte chemoattractant protein-1), triggering chronic neuroinflammation (6) . We have previously reported that macrophage inflammatory proteins, which are types of chemokines, are released by activated macrophages and neutrophils following peripheral nerve injury and contribute to the development of neuropathic pain (7) (8) (9) . Because chemokines can stimulate various types of immune cells, we hypothesized that communication among immune cells promotes neuroinflammation through cytokine and chemokine networks and amplifies pain sensitivity under conditions of neuropathic pain.
It is well known that transmembrane immunomodulatory molecules expressed by immune cells can co-stimulate or coinhibit cell interactions. Glucocorticoid-induced TNF receptor ligand (GITRL) 2 is a membrane-associated protein, which is mainly expressed on membrane surfaces of antigen-presenting cells, such as macrophages and dendritic cells. GITRL acts on its receptor (glucocorticoid-induced TNF receptor, GITR; also known as TNFRSF18) (10, 11) . Activation of the GITRL-GITR pathway enhances T cell proliferation and cytokine production via the T cell receptor (12) . The expression of GITR is constitutively low in naive T cells, but becomes increased in activated T cells. Notably, GITR is widely expressed in CD4 ϩ T cells and its function varies among T cell subsets (12) . Stimulation of GITR in CD4 ϩ effector T cells can enhance cytokine production (e.g. interferon-␥ and IL-2), whereas GITR stimulation in regulatory T (Treg) cells can suppress excessive immune responses. Hence, the GITRL-GITR pathway has been considered to be important for regulating both innate and adaptive immune responses. Inhibition of the GITRL-GITR pathway prevented the development of autoimmune diabetes and carrageenan-induced acute lung inflammation in mice (13, 14) . However, no studies have yet reported the involvement of the GITRL-GITR pathway in peripheral neuroinflammation induced by nerve injury. Herein, we focused on the roles of both macrophages and T cells in neuroinflammation and investigated the function of the GITRL-GITR pathway in partial sciatic nerve ligation (PSL)-induced neuropathic pain.
EXPERIMENTAL PROCEDURES
Animals and Surgery-This study complied with the Ethical Guidelines of the International Association for the Study of Pain. All experimental procedures were approved by the Animal Research Committee of Wakayama Medical University (approval no. 567, Wakayama, Japan). Male mice of the Institute of Cancer Research strain that were 4 or 5 weeks old and weighed 18 -25 g were purchased from Nihon SLC (Hamamatsu, Japan) and used for all experiments, except for analyses using bone marrow transplantation (BMT). For BMT, male C57BL/6-Tg (CAG-EGFP) C14-Y01-FM131Osb transgenic (Tg) mice carrying an eGFP allele were obtained from the RIKEN Bioresource Center (Tsukuba, Japan). Wild-type (WT; C57BL/6J) mice were purchased from Nihon SLC. All mice were housed under controlled ambient temperature (23-24°C, 60 -70% relative humidity) and light (lights were on from 8:00 a.m. to 8:00 p.m.) conditions at our institutional vivarium, and had ad libitum access to water and food. To induce neuropathic pain, mice were subjected to a PSL operation, as described previously (15, 16) . Briefly, under sodium pentobarbital (70 mg/kg) anesthesia, ϳ1/2 of the sciatic nerve (SCN) thickness was tightly ligated with a silk suture (No. 1, Natsume Seisakusho Co., Tokyo, Japan). In the sham control operations, the SCN was first exposed and then closed without ligation.
Drug Administration-Clodronate disodium salt (Merck Millipore, Billerica, MA), Clophosome-A TM (FormuMax Scientific, Palo Alto, CA), FTY720 (Cayman Chemical, Ann Arbor, MI), anti-CD4 antibody (anti-CD4 Ab; CEDARLANE Laboratories, Burlington, Ontario, Canada), and anti-GITR ligand/ TNFSF18 antibody (anti-GITRL Ab; R&D Systems, Minneapolis, MN) were used. Clodronate disodium salt was dissolved in sterile phosphate-buffered saline (PBS) and encapsulated by mixing with COATSOME EL-01-C (NOF Co., Tokyo, Japan) at room temperature to prepare liposome-clodronate. Clophosome-A TM is a commercially available liposome-clodronate reagent and was used without dilution. FTY720 was dissolved in PBS containing 20% dimethyl sulfoxide. Liposome-clodronate, Clophosome-A TM , anti-CD4 antibody, and FTY720 were systemically injected. Liposome-clodronate (1 mg in 0.2 ml) was intravenously injected twice (1 day before PSL and 4 days after PSL), and Clophosome-A TM (0.1 ml) was intravenously injected once (1 day before PSL). Anti-CD4 Ab (diluted 1:5) with PBS or control IgG (as a control) was intravenously injected twice (12 and 17 days before PSL) according to a standard protocol described by the manufacturer. FTY720 (0.1 mg/kg) or PBS (containing 20% dimethyl sulfoxide) was intraperitoneally injected once per day for 8 days (days 0 -7) after PSL. The administration schedule and dose of FTY720 were similar to those of previous reports (17, 18) . Clophosome-A TM or anti-GITRL Ab was perineurally injected, as described in our previous report (7) . A total of 10 l of Clophosome-A TM was injected four times early (just after PSL and days 2, 4, and 6 after PSL) or late (days 7, 9, 11, and 13 after PSL) in the disease model. A total of 10 l of anti-GITRL Ab or control IgG was injected five times at 3-day intervals (just after PSL and on days 3, 6, 9, and 12 after PSL).
Generation of eGFP-chimeric Mice-We generated eGFPchimeric mice using BMT as described previously (19, 20) . After euthanasia by decapitation, femurs isolated from donor eGFP-transgenic mice were centrifuged in microtubes, and the obtained pellet was suspended in sterile PBS. Recipient WT mice received whole body irradiation with 10 gray for 25 min. A total of 2 ϫ 10 5 BM cells derived from eGFP-transgenic mice were transplanted into recipient mice by tail vein injection. Then, 3 weeks later, the success of BMT was confirmed by phenotyping peripheral leukocytes collected from tail vein blood.
Pain Assessment-PSL-induced thermal hyperalgesia and tactile allodynia were evaluated by the Hargreaves test and the von Frey test, respectively, as described previously (7, 16, 21) . In the Hargreaves test, paw withdrawal latency from radiant heat was measured. Withdrawal latencies were measured three times for each hind paw, and the mean latency time was calculated to evaluate thermal hyperalgesia. In the von Frey test, withdrawal responses were measured using two von Frey filaments (0.07 or 0.16 g). The von Frey filament was applied to the middle of the planter surface of the hind paw and withdrawal responses were measured 10 times for each hind paw. The number of withdrawal responses to mechanical stimulation was calculated. The 50% withdrawal threshold was measured using von Frey filaments of 0.04, 0.07, 0.16, 0.4, and 0.6 g. The percent response to five mechanical stimulations with each filament was converted to a probit value, and the 50% value was evaluated on a linear probit curve using GraphPad Prism 3 (GraphPad Software, La Jolla, CA). Behavioral pain assessments were confirmed by several experimenters to avoid bias. In all behavioral tests, mice received both PSL (left hind paw) and sham (right hind paw) treatment regimens. The PSL-operated hind paw was defined as the ipsilateral side, and the shamoperated hind paw was defined as the contralateral side. The both hind paws were tested using the Hargreaves and von Frey tests. Perineurally injected test and control drugs were administered bilaterally (ipsilateral side and contralateral side), and then each pain threshold was assessed.
Immunohistochemistry-SCN sections were prepared as we described previously (7) . Sections were incubated with specific primary antibodies against F4/80 (a macrophage marker, 1:200; CEDARLANE), CD4 (a T cell marker, 1:50; BD Bioscience, San Jose, CA), GITRL (1:50; Abcam Inc., Cambridge, UK), or GITR (1:100; R&D Systems) at 4°C overnight. Antibodies were diluted in reaction buffer (1% bovine serum albumin and 0.025% PBS-Tween (PBS-T)). Sections were washed with 0.1% PBS-T and incubated with secondary antibodies conjugated to fluorescent markers (Alexa Fluor-488 or Alexa Fluor-594, 1:200; Invitrogen) for 2 h at room temperature, followed by nuclear staining using Hoechst 33342 solution (1:1000; Invitrogen). A coverslip with Perma Fluor (Thermo Fisher Scientific, Waltham, MA) was placed over the sections and immunoreactivity was detected using a confocal laser-scanning microscope (Carl Zeiss, Jena, Germany).
PCR-Mice were euthanized and SCNs, and peritoneal macrophages (PMs) were freshly isolated. The isolated SCN was cut into 10-mm long sections. To collect PMs from naive mice, an incision was made in the peritoneal membrane and 5 ml of ice-cold sterile PBS containing 1% penicillin-streptomycin was slowly injected into the peritoneal cavity through the incision site. After flushing the peritoneal cavity, PMs were collected and centrifuged (1000 rpm for 2 min). To seed PMs, the cell density was adjusted to 3-5 ϫ 10 6 cells/ml, and cells were incubated in Dulbecco's modified Eagle's medium. Total RNA was purified from the isolated SCN and PMs using TRIzol reagent (Invitrogen), and then 1 g of total RNA was converted to complementary DNA (10 ng/ml) by room temperature. The resulting complementary DNA was used as a template for quantitative real-time PCR with the KAPA SYBR FAST qPCR kit (KAPA Biosystems, Boston, MA) using the ECOTM RealTime PCR System (ASONE, Osaka, Japan). For semiquantitative PCR, GoTaq DNA polymerase (Promega) and a mixture of deoxynucleoside 5Ј-triphosphates (Promega) were used. PCR products were visualized by ethidium bromide staining after electrophoresis on a 1.5% agarose gel. The fluorescence intensities of PCR products were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD) and were normalized based on Gapdh expression levels. Data are presented as expression ratios compared with those of Gapdh. Primers were purchased from Operon Biotechnology (Tokyo, Japan) and Hokkaido System Science (Hokkaido, Japan), and these sequences are shown in Table 1 .
Flow Cytometry-PMs and T cells were analyzed by flow cytometry. After intravenous injection of liposome-clodronate or Clophosome-A TM according to administration schedule described under the "Drug Administration," PMs were isolated from PSL-operated mice on days 4 or 7 after PSL. To stain macrophages, a single-cell suspension (1 ϫ 10 6 cells) was incubated with fluorescein isothiocyanate (FITC)-conjugated antiCD11b Ab, FITC-conjugated anti-CD14 Ab or phycoerythrinconjugated anti-F4/80 Ab (eBioscience, San Diego, CA) in reaction buffer (1% fetal bovine serum and 0.05% NaN 3 in DMEM) for 30 min at 4°C. FTY720 or PBS (containing 20% dimethyl sulfoxide) was administered according to the administration schedule described under the "Drug Administration." For isolation of T cells, peripheral blood was collected from the ophthalmic venous plexus on day 7 after PSL. Then, T cells were separated from peripheral blood cells using Lympholytemammal (CEDARLANE). To stain T cells, a single-cell suspension (1 ϫ 10 6 cells) was incubated with FITC-conjugated anti-CD4 Ab and phycoerythrin-conjugated anti-CD25 Ab (eBioscience) in reaction buffer for 30 min at 4°C. After staining, cells were washed and resuspended in PBS containing 1% fetal bovine serum and 0.05% NaN 3 . Data were acquired using a FACS Aria flow cytometer and analyzed using BD FACS Diva software (all from BD Bioscience).
Statistical Analysis-Appropriately sized samples for each experiment were based on our previous report (7, 16) . Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software, Inc.). We used all data obtained from each experiment, and performed randomization methods in all experiments. Data are presented as mean Ϯ S.E. in all graphs. Data for gene expression generated using RT-PCR (Figs. 1, 4 and 8) and behavioral data from day 7 after nerve injury ( Fig. 9 ) were analyzed using one-way analysis of variance, followed by post hoc Tukey's test. Time course data for behavioral experiments (Figs. 3, 5, 7, and 9) were analyzed using two-way analysis of variance with repeated measurements to detect interactions between drug treatments and different time points. After confirming statistical significance, Bonferroni multiple comparison tests were performed for intergroup comparisons and time point comparisons. The results of cell measurements (Figs. 1 and 10) were analyzed using an unpaired Student's t test (two-tailed). A threshold for statistical significance was set at p Ͻ 0.05.
RESULTS

Bone Marrow-derived Macrophages and T-cells Infiltrate the SCN after PSL-Initially
, we evaluated the abundance of macrophages and T cells in the injured SCN after PSL (Fig. 1) . We confirmed that PSL induced increased levels of macrophagespecific messenger RNA (mRNA) transcripts (Cd11b and Cd14) from days 3 to 7 after PSL (Fig. 1A) , and T cell-specific mRNA transcripts (Cd4 and Cd25) on day 7 after PSL in the injured SCN (Fig. 1B) . Immunohistochemistry analysis showed the infiltration of F4/80 ϩ macrophages and CD4 ϩ T cells at the injured site of the SCN on day 7 after PSL, as compared with the sham-operated SCN (Fig. 1, C and D) . To investigate whether these represented infiltrating (from the peripheral blood) or resident F4/80 ϩ macrophages and CD4 ϩ T cells, we performed The following primers were used for PCR amplification: Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Gitr, glucocorticoid-induced tumor necrosis factor receptor; Gitrl, glucocorticoid-induced tumor necrosis factor receptor ligand; Il-1␤, interleukin-1␤; Tnf␣, tumor necrosis factor-␣.
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immunohistochemistry using eGFP-chimeric mice and evaluated the co-localization of eGFP and immune cell markers (macrophages, F4/80; T cells, CD4; Fig. 1E ). ϩ T cells (Fig. 1F) . These results suggested that the macrophages and T cells that accumulated are at least partially derived from bone marrow, and migrated to the site injury in the SCN through peripheral circulation.
Macrophage Depletion Alleviates PSL-induced Neuropathic Pain-To assess the role of macrophages in neuropathic pain, we evaluated the effects of macrophage depletion agents, liposome-clodronate, and Clophosome-A TM , on PSL-induced thermal hyperalgesia and tactile allodynia. Liposome-clodronate and Clophosome-A TM are known to deplete macrophages by inducing macrophage apoptosis (22) . We confirmed the depletion of PMs after treatment with liposome-clodronate (Fig. 2, A and C) or Clophosome-A TM (Fig. 2 , B and D) using flow cytometry. In the ipsilateral hind paw after PSL, a significant reduction in withdrawal latency to thermal stimuli and a significant increase in the number of withdrawal responses to a filament (0.07 g) were observed compared with the contralateral side, indicating thermal hyperalgesia and tactile allodynia, respectively. PSL-induced thermal hyperalgesia and tactile allodynia were suppressed in liposome-clodronate-treated mice on day 7 after PSL ( Fig. 3A, closed circle versus gray diamond) . Similarly, PSL-induced thermal hyperalgesia was suppressed by Clophosome-A TM on day 4 after PSL ( Fig. 3B , closed circle versus gray triangle).
Inflammatory Cytokines Derived from Accumulated Macrophages in the Injured SCN Contribute to NeuroinflammationTo investigate the role of migrating macrophages in peripheral neuroinflammation, we assessed the effects of perineural injection of Clophosome-A TM on inflammatory cytokines that are normally up-regulated in the injured SCN after PSL. The mRNA up-regulation of Cd14 (a macrophage marker) in the 
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SCN on day 7 after PSL was significantly suppressed by Clophosome-A TM . The up-regulation of Il1␤ and Tnf␣ mRNA was also abrogated in Clophosome-A TM -treated mice (Fig. 4) . Furthermore, we assessed the effect of perineural injection of Clophosome-A TM on the accumulation of T cells at the injured site of the SCN. By immunohistochemistry, PSL-induced accumulation of GITR ϩ T cells was prevented by the perineural injection of Clophosome-A TM (Fig. 4B) . The number of GITR ϩ T cells in an area of 160,000 m 2 was also reduced in Clophosome-A TMtreated mice (Fig. 4C) .
Peripheral Macrophages Maintain Neuropathic Pain after PSL-To elucidate the involvement of peripheral macrophages in the maintenance of neuropathic pain, we assessed pain responses after local injection of Clophosome-A TM to the injured SCN from day 7 after PSL (Fig. 5) . Thermal hyperalgesia and tactile allodynia were established on day 7 after PSL, and continued until at least day 14. PSL-established thermal hyperalgesia and tactile allodynia were attenuated by perineural post-treatment with Clophosome-A TM (closed circle versus gray triangle).
Modulation of T Cell Function Alleviates PSL-induced Neuropathic Pain-Next, we examined the involvement of T cells in neuropathic pain. We confirmed the reduction of CD4
ϩ T cells in peripheral blood after treatment with FTY720, an immune modulator (Fig. 6) . Surprisingly, the basal number of CD4 ϩ CD25 ϩ T cells was low (less than 3% of total leukocytes) in the peripheral blood (Fig. 6A) .
We assessed the effects of T cell depletion on neuropathic pain (Fig. 7) . Thermal hyperalgesia and tactile allodynia on day 7 after PSL were attenuated by the repeated administration of FTY720 (Fig. 7A) . Similarly, neutralizing anti-CD4 antibody had suppressive effects on both thermal hyperalgesia and tactile allodynia after PSL (Fig. 7B) . However, these agents had no effect on pain thresholds on the contralateral side. 
PSL Induces the Up-regulation of GITRL and GITR in the
Injured SCN-We measured mRNA expression levels of Gitrl and Gitr in the injured SCN after PSL by RT-PCR (Fig. 8) . The mRNA expression levels of Gitrl and Gitr were increased in the injured SCN after PSL (Fig. 8, A and B) . Generally, GITRL is expressed by antigen presenting cells, including macrophages, whereas GITR is most abundantly expressed by activated T cells. These observations were consistent with our findings that the mRNA expression levels of Gitrl, but not Gitr, were elevated in PMs (Fig. 8B) .
To characterize the localization of GITRL and GITR in the injured SCN after PSL, we performed double-immunostaining using immune cell markers. The number of GITRL ϩ cells increased in the injured SCN after PSL, and GITRL expression was confined to F4/80 ϩ macrophages (Fig. 8C) . Moreover, the number of GITR ϩ cells was also increased, and partially co-localized with CD4 ϩ T cells (Fig. 8D) .
Inhibiting the GITRL-GITR Pathway by Neutralizing GITRL Antibody Suppresses PSL-induced Neuropathic
Pain-To evaluate the function of the GITRL-GITR pathway in the injured SCN after PSL, we characterized the effects of anti-GITRL antibody on PSL-induced thermal hyperalgesia and tactile allodynia (Fig. 9) . On the ipsilateral side, thermal hyperalgesia after PSL was prominently suppressed by the perineural injection of anti-GITRL antibody (Fig. 9A, closed circle versus gray diamond) . The number of withdrawal responses increased after PSL, and also were attenuated by anti-GITRL antibody (Fig.  9B) . Anti-GITRL antibody had no effect on thermal hyperalge- Clophosome-A TM (FormuMax Scientific) or vehicle (control liposomes) was injected (10 l) around the sciatic nerve every other day after PSL, and the injection started on day 7 after PSL (i.e. on days 7 (pre), 9, 11, and 13 after PSL). Thermal hyperalgesia and tactile allodynia were assessed by the Hargreaves test or the von Frey test, respectively. clo-A, Clophosome-A TM ; veh, vehicle (control liposomes); ipsi, ipsilateral hind paw of the PSL-operated side; contra, contralateral hind paw of the PSL-operated side. Data shown indicate mean Ϯ S.E. of groups of 6 mice; ***, p Ͻ 0.001 versus veh/contra; ###, p Ͻ 0.001 and #, p Ͻ 0.05 versus veh/ipsi. sia and tactile allodynia on the contralateral side (Fig. 9, A and B,  open circle versus open diamond) . On day 7 after PSL, the perineural injection of anti-GITRL antibody attenuated PSLinduced thermal hyperalgesia and tactile allodynia in a dose-dependent manner (Fig. 9, C and D) . Similar to our above findings for the number of withdrawal responses, anti-GITRL antibody increased the 50% withdrawal threshold, which decreased following PSL (Fig. 9E) . These data suggested that inhibition of the GITRL-GITR pathway could suppress PSL-induced thermal hyperalgesia and tactile allodynia.
Perineural Injection of Neutralizing GITRL Antibody Prevented the Migration of Macrophages and T Cells into the
Injured SCN after PSL-To evaluate the effects of anti-GITRL antibody on the infiltration of macrophages and T cells to injured site of the SCN on day 7 after PSL, we counted the number of F4/80 ϩ macrophages and CD4 ϩ T cells after the perineural injection of anti-GITRL antibody. After treatment with anti-GITRL antibody, the number of both macrophages (Fig. 10A) and T cells (Fig. 10B) were decreased as compared with the control IgG treatment.
DISCUSSION
We demonstrated that the accumulation of macrophages and T cells around the injured SCN contributes to PSL-induced neuropathic pain through the GITRL system. Macrophages might activate T cells and facilitate neuroinflammation, resulting in neuropathic pain. Although there are several lines of evidence that support an important role for immune cells (3) (4) (5) , the pathophysiological role of cell-cell interactions in neuropathic pain is poorly understood. Thus, this report is the first to reveal an essential role for macrophage-driven T cell activation through the GITRL-GITR pathway in neuropathic pain.
After peripheral nerve injury, activation of immune cells can trigger neuroinflammation via cytokine-chemokine networks, resulting in the development of neuropathic pain (23) (24) (25) . Because nerve injury can result in the breakdown of the bloodnerve barrier in the peripheral nervous systems, peripheral leukocytes can then extravagate and drive neuroinflammation, resulting in neuropathic pain (4, 5) .
In this study, we found that many macrophages infiltrated into the injured SCN after PSL. We also observed that BMderived eGFP ϩ F4/80 ϩ cells migrated around the injured nerve, indicating that infiltrating macrophages in the injured site of the SCN were derived from circulating monocytes. Deple-
FIGURE 6. Reduction in CD4
؉ T cell numbers after treatment with FTY720. FTY720 (0.1 mg/kg) or vehicle (phosphate-buffered saline containing 20% dimethyl sulfoxide) was injected intraperitoneally daily for 8 days (days 0 -7) after PSL, and peripheral blood was collected on day 7 after PSL. T cell populations in the peripheral blood were evaluated by flow cytometry using fluorescent antibodies for T cells (FITC-conjugated anti-CD4 Ab and phycoerythrin (PE)-conjugated anti-CD25 Ab). A and B, dot plot analyses show CD4 ϩ and CD25 ϩ T cell populations. C and D, histogram analyses shows CD4 ϩ T cell counts. tion of systemic macrophages suppressed PSL-induced thermal hyperalgesia and tactile allodynia after PSL. These findings suggested that macrophages recruited from peripheral blood vessels might be an important factor in neuropathic pain. Next, to examine the role of infiltrating macrophages around the injured SCN, we locally administered Clophosome-A TM into the injured SCN. Macrophage depletion by the perineural injection of Clophosome-A TM suppressed the up-regulation of IL-1␤ and TNF-␣, as well as reduced the number of GITR ϩ T cells in the injured SCN after PSL. Currently available evidence supports the concept that macrophage-derived chemoattracting soluble factors, such as IL-1␤ and TNF-␣, induce the migration of T cells and elicit neuroinflammation. The local depletion of macrophages by Clophosome-A TM also attenuated PSL-induced thermal hyperalgesia and tactile allodynia, even when administered post-treatment from day 7 after PSL. Other studies have shown that the accumulation of macrophages in the injured SCN can persist for more than 1 month after nerve injury (26) . Thus, macrophages, which are critical cells for peripheral neuroinflammation, play a crucial role in both the development and maintenance of neuropathic pain.
We also showed the contribution of T cells, which control the immune response, to neuropathic pain. Our data indicated that the mRNA expression levels of T cell markers (Cd4 and Cd25) were increased by PSL, and persisted until at least day 14 after PSL. CD4 ϩ T cells also infiltrated the injured site of the SCN on day 7 after PSL. Although all of these CD4 ϩ T cells were not derived from the bone marrow, at least some of the CD4 ϩ cells had migrated from peripheral blood vessels.
Sequestration of T cells in lymphoid organs by administering FTY720 or depleting CD4 ϩ T cells by treatment with anti-CD4 antibody attenuated thermal hyperalgesia and tactile allodynia after PSL. Recent reports have shown that FTY720 could suppress formalin-induced inflammatory pain and spare nerve injury-induced neuropathic pain (17) , indicating an important role for CD4 ϩ T cells in neuroinflammation. FTY720 reduces the number of T cells in the peripheral blood by preventing the egress of T cells from the thymus and lymph nodes, leading to a marked reduction of T cells in circulation (18) . T cells exhibit diverse phenotypes after differentiation from naive T cells, such as proinflammatory T helper (Th) type 1 cells and anti-inflammatory Th2 cells. Importantly, Th17 cells are a newly described lineage of effector T cells that produce IL-17 and contribute to neuropathic pain (26, 27) . By contrast, Treg are negative regulators of immune activation that act to prevent excessive autoimmunity and play a crucial role in the maintenance of immune FIGURE 8. Expression of GITRL and GITR in the SCN after PSL and murine PMs. A, the time course of GITRL (Gitrl) and GITR (Gitr) induction in the SCN on days 3, 7, and 14 after PSL. Gene expression levels measured by reverse transcription polymerase chain reaction were normalized to levels of glyceraldehyde-3-phosphate dehydrogenase (Gapdh) expression and analyzed using ImageJ software (National Institutes of Health). Data indicate mean Ϯ S.E. for groups of 12 mice; ***, p Ͻ 0.001, and **, p Ͻ 0.01, compared with levels before PSL. B, the gene expression levels of Gitrl, Gitr, and Gapdh in naive murine PMs and in the SCN after PSL or sham operation on day 7. C and D, localization of GITRL and GITR in the injured SCN. Representative micrographs of sections stained using immunohistochemistry show the SCN on day 7 after PSL or sham operation. Co-localization of GITRL and macrophage (F4/80) or T cell (CD4) markers is shown. Green, GITRL or GITR; red, F4/80 or CD4; yellow, co-localized expression. Scale bar ϭ 20 m.
homeostasis (28) . We found that circulating CD4 ϩ CD25 ϩ T cells in vehicle-treated PSL mice were present at a low level (2.17%), whereas CD4 ϩ T cells represented 40.4% of peripheral leukocytes. Because CD25, a common marker of activated T cells (29) , is also expressed by naturally occurring Treg cells (30), we postulated that the increased levels of Cd25 mRNA 
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ϩ Treg cells are quite low in the peripheral blood after nerve injury, it is possible that CD4 ϩ CD25 ϩ Treg cells function poorly in this pain model. Another report has shown that enhancing the proliferation of Treg cells in the injured SCN can reduce chronic constriction injury-induced neuropathic pain (31) . Thus, we speculate that the balance between proinflammatory CD4 ϩ Th1 and Th17 cells and anti-inflammatory CD4 ϩ CD25 ϩ Treg cells is very important in the regulation of neuropathic pain. Further studies will be needed to elucidate the function of Treg cells in neuropathic pain.
We further focused on membrane-associated proteins that act as co-stimulatory molecules to regulate immune responses. By RT-PCR and immunohistochemistry, we considered that the up-regulation of GITRL and GITR after PSL was a consequence of the accumulation of macrophages and T cells in the injured SCN after PSL. Because the frequency of CD4 ϩ CD25
ϩ Treg cells in the peripheral blood was very low, we predict that GITR-expressing cells might be CD4 ϩ effector T cells (Th1 and Th17 cells).
In our behavioral analyses, inhibition of the GITRL-GITR pathway by anti-GITRL antibody significantly attenuated PSLinduced thermal hyperalgesia and tactile allodynia, indicating that the GITRL-GITR pathway acts on macrophages and T cells in the injured SCN and promotes neuropathic pain. Anti-GITRL antibody also suppressed the migration of F4/80 ϩ macrophages and CD4 ϩ T cells to the injured site of the SCN. However, GITRL is not a chemoattractant. GITRL is a membrane-associated protein expressed by macrophages, and is not released from macrophages. Thus, we predicted that inactivation of macrophages was induced by anti-GITRL antibody, resulting in the suppression of autocrine chemoattractant, such as IL-1␤ and TNF-␣, production by macrophages. Consequently, the migration of CD4 ϩ T cells was prevented. To date, it has been reported that the GITRL-GITR pathway could be a novel therapeutic target in several diseases. Mice lacking the Gitrl gene show attenuated spinal inflammation after spinal cord injury and intestinal inflammation (32, 33) . Moreover, inhibition of the GITRL-GITR pathway by anti-GITRL antibody prevented the development of autoimmune diabetes (14) . These findings support our present study that shows the key role of cell-cell interactions between macrophages and T cells via the GITRL-GITR pathway in PSL-induced neuroinflammation.
In conclusion, we propose that macrophages drive T cell activation through the GITRL-GITR pathway, which plays a critical role in PSL-induced neuropathic pain. Inhibition of the GITRL-GITR pathway might represent a potential strategy for treating neuropathic pain.
